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NOMENCLATURE
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Mean pressure
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Mean velocity
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Seal face area
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Differential pressure
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Heat transfer convective coefficient in the groove
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ABSTRACT
A mechanical face seal is an important component of variety of pumps used in chemical,
petrochemical and process industry. The primary function of a mechanical seal is to
prevent leakage of the process fluid from the pump housing and shaft to the environment.
The factors that affect the performance of a mechanical seal to leak are friction, wear and
its thermal characteristics. Improving upon the thermal characteristics of a mating ring in
a mechanical seal would enhance its performance. Implanting a heat exchanger in the
mating ring hold great promise for improving the performance of mechanical seals from
the viewpoint of reducing heat at the interface and hence enhance the performance of the
mechanical seal. To reveal what affect the implanted heat exchangers can have on the
thermal characteristics of different seals, in this thesis, three different designs of mating
rings were tested in a test rig and the results were compared to a conventional seal in this
thesis.
A new design of a mechanical seal with an implanted heat exchanger in its mating ring is
reported. The mating ring incorporates an internal channel in which a coolant (either a
gas or a liquid) flows to remove heat from the seal face. Prototypes were built and tested
in a pump. Results are indicative of effective cooling and improved performance when
compared to a conventional seal.
A Coating on the mating ring was successfully implemented. A simplified heat transfer
analysis using the results of the finite element method is also presented for all the seal
designs.

xi

1. INTRODUCTION
1.1 Overview
It is of utmost importance that two different fluids must be separated from one another if
a rotating shaft passes between them in two different regions. The fluids may be at
different pressures and they may be either a liquid or a gas. A shaft seal is used to
separate the fluids. The seal is designed to fit around the shaft or some part connecting to
the shaft in a way such that the leakage between the two regions is acceptably small
under all circumstances of operation.

Rotating ring

Mating ring

Figure 1.1 Mechanical Face Seal
Figure 1.1 shows a mechanical face seal as an example of a rotating shaft seal, since in
this thesis the primary interest is on mechanical face seals. Here, the contact in between
the rotating (primary) ring and the mating ring prevents the leakage or minimizes the
leakage by creating a very thin gap between the surfaces. The primary ring rotates with
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the shaft and the mating ring remains stationary. Thus the rotating ring slides on the
mating ring and this sliding is normal to the direction of the leakage of flow.
Wherever the rotating shafts are used, shaft seals find their place with them. Generally
rotating shafts either run into fluids where the fluid is sealed by the shaft seal or are
supported by bearings, which are in turn sealed by a shaft seal. Thus almost all rotating
equipment require a shaft seal. The various types of mechanical equipment that utilize
shaft seals are as follows (Lebeck, 1991):
•

Aerospace industries where motors and engines in rockets and turbo jets.

•

Water pumps used in irrigation, pumping of fertilizers and insecticides.

•

Swimming pool pumps and garbage disposal pumps, dishwashers and washing
machines use small sealed pumps.

•

Water turbines, steam turbines, feed pumps, and nuclear reactor cooling pumps.

•

The petroleum, chemical, textile and drug industries all use pumps extensively in
their respective processes.

•

All automotive engines, compressors, air conditioners.

•

Ship propeller shafts as well as its auxiliary equipment in ship yards.

1.2 Types of Shaft Seals
It is important to see how mechanical face seals relate themselves to different types of
seals and why mechanical face seals are an important alternative to sealing. There are two
categories of shaft seals: fixed clearance types and surface guided types. The fixed
clearance type seals would never touch throughout their life span. In the surface guided
types, one of the seal faces is mounted onto the shaft or the housing and is entirely
supported and guided by the second seal face. Thus, one face slides over another. The
2

leakage gap is determined by the nature of the surfaces in contact. In some cases there
occurs a lift off in between the surfaces and in some it does not. In the case where lift off
does not occur the seals are called contacting seals and the others are called noncontacting seals. The non-contacting seals are often confused with the fixed clearance
seals. To get a lift off in between the faces, features such as lift pads, radial tapers, and
spiral groves are used. But, the forces developed in the lift off or non-contacting seals and
in that of the fixed clearance seals are decisively distinct (Lebeck, 1991).

1.2.1 Fixed Clearance Seals
The common types of fixed clearance seals are as follows (Lebeck, 1991).
•

Visco Seal

The visco seal can seal directly against a liquid using the liquid itself or, by using a
separate supply of liquid, may seal against a gas. The effectiveness of the visco seal
depends primarily on the viscosity and clearance.
•

Labyrinth Seal

This seal relies mainly on creating a high loss leakage path to minimize leakage. This seal
can be used for liquids as well as gases.
•

Bushing Seal

In this seal the flow area is the annulus created between the bushing clearance and the
shaft. Resistance to flow is determined by the length and the clearance, and the clearance
should be large enough to allow for all shaft motion.
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•

Floating Ring Seal

This seal is similar to the bushing seal except that the bushing is allowed to float freely in
the radial direction so that shifting the bushing can accommodate large radial motions of
the shaft. Thus, the floating ring can have a smaller clearance than the fixed bushing seal.
•

Ferrofluid Seal

In this a magnetic fluid is held in place by magnets. The fluid can maintain a small
pressure difference before it is pushed out of the gap. The magnetic fluid is a suspension
of magnetic particles in a liquid. By staging the ferrofluid seal, significant pressure
differentials can be handled. The primary advantage of the ferrofluid seal is that there is
zero leakage.

1.2.2 Surface Guided Seals
The surface guided seals are classified with respect to the type of guiding surface. Nearly
all the rotating shaft seals contact either on an annular surface or a cylindrical surface.

1.2.2.1 Cylindrical Surface
•

Lip Seal

The lip seal contacts over a small axial length. This seal is generally not suitable for
significant pressure differentials. Most lip seals are of the cylindrical surface guided type.
•

Circumferential Seal

This seal contacts on a cylindrical surface over a definite axial length unlike the lip seal.
It has some type of segments that allow it to clamp around the cylinder entirely, and it
may be pressure loaded.
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• Packing
Packing itself represents a cylindrical surface guided type of seal. Commonly this seal
contacts or partially contacts over a large area.

1.2.2.2 Annular Surface Seals
•

Lip Seal

A lip seal can be designed to contact on some small part of an annulus. But, the
cylindrical geometry is most common.
•

Mechanical Face Seal

The mechanical face seal contacts over a significant radial fraction of the annulus.
Comparing this seal to its cylindrical surface counter part, the circumferential seal, it is
somewhat simpler because the seal is not made in segments.

1.3 Mechanical Face Seals
The term face indicates that the seal contact is over an area rather than having line of
contact or it may indicate that the contact is on the face of a housing or a shaft. The term
mechanical implies a device rather than soft packing as being the essential characteristic
of the seal. Mechanical also implies touching, as well, so as to allow one to distinguish
the mechanical seal from a fixed clearance seal. Often the mechanical face seal is referred
to as an end face seal or a radial face seal indicating the form of the sealing surface
(Lebeck, 1991).

5

Bolt (fit onto the shaft)

Spring

Rotating
ring

Mating
ring

O-ring

Figure 1.2 Essential Components in Mechanical Face Seal
•

Primary Ring

The ring is mounted so as to provide flexibility to allow for small relative axial and
angular motion for misalignment between the parts. The primary ring also provides one
of the sealing surfaces as shown in Figure 1.2.
•

Mating Ring

The ring is rigidly mounted to the shaft or to the housing but does not rotate. It provides
the second sealing surface. This ring works as a surface guided ring.
•

Secondary Seal

It allows the primary ring to have axial and angular freedom of motion while retaining
the sealing integrity. The secondary seals are the O-rings in the case shown in Figure 1.2.
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•

Spring

All mechanical face seals have some type of a spring mechanism to hold the annular
surfaces together in the absence of fluid pressure. The fluid pressure provides a certain
force that holds the surfaces together.
•

Drive Mechanism

All mechanical face seals must have some type of a drive mechanism or rely on some
other features to drive the primary ring in order to make certain that relative motion
occurs only at the annular interface. The drive mechanism is designed so as not to reduce
the self-aligning characteristics of the primary ring.
In addition to the above terms and components, there is an additional terminology, which
is worth mentioning. The rings in the mechanical face seals should possess the
appropriate material properties. Generally the primary ring is made of a softer material
than the mating ring. The mating ring being the guiding ring has to be made of a hard
material to allow the softer primary ring to run into it. Alternatively, in some
applications, the primary rings are made of the hard material and the mating ring is made
of softer materials. In special applications, such as when operating in some severe
environments, the design may call for a hard material to run on another hard material.
As discussed earlier, in a mechanical face seal contact occurs in between the primary and
the mating rings at the annulus. The essential character of the surfaces is that they form a
type of sliding bearing through which the sealed fluid attempts to flow in the
perpendicular direction to the sliding. The hard face sliding against a soft face has been
found tribologically desirable. This combination provides the best overall performance.
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The secondary seal can take a wide variety of different shapes and mechanisms. It has the
essential function of ensuring that the primary and mating ring faces are allowed to self
align and maintain close proximity under all operating conditions while at the same
sealing between the ring and its mounting. There are several other O-rings shown in
Figure 1.2 that are also secondary seals. However, the secondary seal allows small
relative motion for alignment at the same time.
Many different types of springs are used. The type shown in Figure 1.2 is chosen
primarily as a clear illustration of the function of the spring. Usually, once the seal is
under pressure, the load imposed by the spring is small compared to the load that comes
about due to the sealed pressure. The drive mechanisms has a very important function in
allowing the seal primary ring to self-align without causing an undue force on the ring in
one way or the other.

1.3.1 Balance Ratio

P

Pf

rb

ro

ri

ro

Figure 1.3 Outside Pressurized Seal, Balance Ratio (Lebeck,1991)
Balance ratio B is an important and a widely used term. It is defined as the ratio between
the average load, Pf, imposed on the face by the action of the sealed pressure to the sealed
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pressure, p itself. Figures 1.3 and 1.4 show how this definition is applied to outside and
inside pressurized seals. The pressure pf is determined simply by the sealed pressure
times the net area over which it acts divided by the area of the face area. The balance
ratio equations are:

(

)

(

pπ ro2 − rb2 = p f π ro2 − ri 2

)

pf

ro2 − rb2
B = Bo =
= 2
p
ro − ri 2

(

)

(1.1)
(Outside pressurized seal)

(

pπ rb2 − ri 2 = p f π ro2 − ri 2

pf

rb2 − ri 2
B = Bi =
= 2
p
ro − ri 2

)

(1.3)
(Inside pressurized seal)

Pf
ro

(1.2)

(1.4)

P

ri

ri

rb

Figure 1.4 Inside Pressurized Seal, Balance Ratio (Lebeck,1991)
Considering the equations from (1.1) to (1.4), the balance ratio is the ratio of the net
hydraulically loaded face area to the actual face area. If the balance ratio B is greater than
1.0, the seal is termed unbalanced. That is the average pressure on the face is greater than
the sealed pressure. If B is less than 1.0, it is termed to be balanced. In a balanced seal, the
average pressure on the face is less than the sealed pressure. While most seals that
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operate at high pressure are of the balanced type, many low-pressure seals operate at

B greater than 1.0 because of convenience of design (Lebeck, 1991).

1.3.2 Elementary Theory of Operation
In developing the basic theory, some assumptions and simplifications are considered. The
sealed fluid enters between the faces and distributes itself in a manner such that the
average value of the fluid pressure between the faces is proportional to the sealed
pressure, Kp . This fluid pressure has to at least support some of the applied load. The
spring force assures static equilibrium in the axial direction due to the hydrodynamic
pressure or contact pressure in between the faces. This pressure can be represented as a
mean pressure p m .
Summing up all the forces in the axial direction,

(

)

(

)

(

pπ ro2 − rb2 + Fs = Kpπ ro2 − ri 2 + p mπ ro2 − ri 2

)

(1.5)

Thus the mean pressure can be calculated using the equation (1.5) (Lebeck, 1991)
p m = p (B − K ) +

Fs
= p (B − K ) + p s
π r − ri 2

(

2
o

)

(1.6)

The value of K greatly affects the contact pressure and it is called the K factor or the
pressure gradient factor. If the fluid flow caused by the hydrostatic pressure across the
face is laminar and incompressible, the value for K is assumed to be ½ and if it is a
compressible flow then K is 2/3 (Lebeck, 1991).

1.3.3 The PV Parameter
The pressure-velocity ( PV ) parameter is a very important factor for determining the heat
generated by rubbing (Buck, 1999). The PV parameter is the product of the mean
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pressure and the sliding velocity. The sealed pressure in the seals is assumed to be the
mean pressure and is used to calculate the so-called PV parameter. The mean pressure is
considered to be proportional to the severity of the duty for seals. It is calculated as
shown in the following equations.

(PV )t

= pU

(Neale, 1973)

(1.7)

where p = sealed pressure

(PV)t =
and U =

the PV parameter according to (Neale, 1973)
average sliding speed

(PV )n = [ p(B − K ) + p s ]U
B=
(PV)n =

(Peterson and Winer, 1980)

(1.8)

seal balance ratio
the PV parameter according to (Peterson and Winer, 1980)

K=

pressure gradient factor

ps =

spring pressure

1.3.4 Heat Transfer Consideration in Mechanical Seals
Mechanical seals generate heat as the primary ring and mating ring rub together. Heat is
also generated through viscous shear of the fluid film between the faces and around the
rotating components. For low viscosity fluids, most heat generation is from rubbing. In
this case the coefficient of rubbing friction for the primary ring and mating ring pair
determines the heat generation. For viscous fluids there may be no rubbing, but viscous
shearing may generate about the same amount of heat as rubbing. An important
difference is that the wear rate is likely to be much greater when low viscosity fluids are
between the seal faces (Buck, 1999).
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The heat generated by rubbing is:

H m = PmVA f f

(1.9)

Convection
due to flush

Conduction into
The rotating ring

Conduction into
The mating

Flush

Figure 1.5 Heat Generation in a Mechanical Seal
Mechanical seal calculations are considerably simplified by using a coefficient of
friction. It is understood that the friction changes from 0.03 to 0.3 and generally it is
found to be around 0.1 for most of the applications (Buck, 1999). The coefficient of
friction is a function of the tribological mating pair and it depends on the sealed fluid in
between them as well and it depends on the applied seal face load. Furthermore, the
coefficient of friction is reduced when the seal leaks. Inspite of these limitations, the
coefficient of friction is a useful means of comparing seal face materials, especially when
tests are repeated under similar conditions. The coefficient of friction is generally
computed based on measurements of heat generation and torque. A certain load is
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assumed and the coefficient of friction is computed. Since the heat generation or torque is
a result of viscous shear and mechanical contact, the computed coefficient of friction
includes both these effects. Table 1.1 shows the coefficient of friction for various face
combinations (Buck, 1999).
Table 1.1 Coefficient of Friction for Various Face Combinations (Buck, 1999)
Material #1

Material #2

Coeff of friction

Range

Carbon

Cast iron

0.15

0.07 to 0.15

Alumina

0.18

0.07 to 0.40

Stellite

0.18

0.10 to 0.30

Tungsten carbide

0.15

0.05 to 0.17

Silicon carbide

0.10

0.02 to 0.12

Tungsten carbide

0.30

0.10 to 0.40

Silicon carbide

0.18

0.50 to 0.25

Silicon carbide

0.10

0.05 to 0.15

Tungsten carbide

Silicon carbide

Heat transfer plays an important role in seal performance. Both conduction and
convection heat transfer are significant in mechanical seals. Conduction in mechanical
seals is the process of heat transfer in between the primary/rotating ring and the mating
ring, which are in contact with each other. Convection is the transfer of heat from the
solids to the surrounding liquid. Figure 1.5 illustrates the combined processes of
conduction and convection.
Since heat conduction through the primary/rotating ring and mating ring plays an major
role removing heat from the interface, the thermal conductivities of these materials are
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very important. Some examples of thermal conductivities and some other properties are
shown in Table 1.2 (Buck 1999).
Table 1.2 Typical Properties of Materials (Buck, 1999)
Typical property

316SS

9

Carbon

Tungsten

Silicon

Graphite

Carbide

Carbide

Modulus of elasticity, Pa x 10 (Mpsi)

193 (28)

20.7 (3)

586 (85)

414 (60)

Compressive strength, MPa (Kpsi)

207 (30)

207 (30)

4483 (650)

462 (67)

Tensile strength, MPa (Kpsi)

207 (30)

483 (7)

1380 (200)

310 (45)

Coefficient of expansion, m/m 0K x 106

16 (8.9)

4.5 (2.5)

6.1 (3.4)

4.5 (2.5)

16.2(9.4)

8.7 (5)

86.5 (50)

138.4 (80)

(in/in 0F x 106)
Thermal conductivity, W/mK (BTU/hr ft 0F)

Convection heat transfer takes place from the primary ring and mating ring to the
surrounding fluid. Convection heat transfer is usually evaluated as having three
components: a convection coefficient, wetted area and temperature difference. The
convection coefficient represents the combined effects of the fluid properties, rotational
speed, seal chamber design, flushing design and flush rate. Low viscosities and high
speeds promote high convective coefficients. It is very important to have enough wetted
area so that the transfer takes place without promoting high temperature rises to occur in
the mating ring and the primary ring. The wetted area is due to the flush surrounding the
rings. There are many seal flush systems. The most commonly used seal flush is the API
(American Petroleum Institute) Flush Plan 11, which uses injection from pump discharge
to flush the seal, as shown in Figure 1.5. Flush requirements for seals are often given in
terms of a minimum recommended flow rate. This flow rate is usually determined by an
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energy balance computation. Heat generated between the seal faces is absorbed by the
flush through ideal mixing. This raises the temperature of the flush when it exits the
pump housing.

1.3.5 Thermal Effects on Seal Performance and Behavior
The thermal effects tend to have a pronounced influence on the performance of
mechanical seals. The seal materials behave inconsistently at different temperatures. At
higher temperatures the seal geometry is altered. Hence, the thermal environment for the
entire seal must first be carefully predicted.
Figure 1.5 suggests the basic nature of the thermal system for a seal. Most of the heat of
concern is generated by friction at the sliding interface. The generated heat conducts into
the faces of the mating rings and heat convection is taken place around the rings by the
flush as explained earlier.
There are many different possible consequences on seal performance and behavior
caused by the thermal environment. The most important are discussed in the following
(Lebeck, 1991).

•

Thermally Induced Radial Taper

The heat in a mechanical seal arises from the friction at the interface. Heat naturally
flows axially as well as radially away from the source. There is a large change of average
temperature across the radial dimension as a function of the axial position. A large
change in temperature from one end of the face to the other occurs. Thus, the hotter end
face expands more than the colder end causing a radial taper.
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•

Thermally Induced Waviness

Circumferential variation in temperature also effects the performance of a mechanical
face seal. The circumferential variation in temperature may occur either due to variations
in the contact conditions around the circumference or because of non-axisymmetry of
heat transfer. Thus this results in variable expansion of the same end face at different
spots and this is called waviness in mechanical face seals.

•

Heat Checking and Hot Spotting

Heat checking, also termed as heat crazing or thermo-cracking, is most commonly
understood to be a series of multiple radial cracks on one of the seal faces. Heat checking
is associated with poor liquid lubrication, high speeds, high loads, and the use of certain
materials known to be prone to heat checking. Heat checking occurs mostly in brittle and
hard materials due to the pressure caused by the radial taper deformation. Hot spotting
refers to some regions of an interface that develop a much higher temperature than the
average where some type of thermal damage is caused. Hot spotting may occur in a
situation where contact would appear to be uniform. Hot spotting is caused by
thermoelastic instabilities where, due to regionalized friction heating, a spot expands
relatively more than the adjacent material. As a result of higher pressure acting on a
relatively small area, more frictional heating takes place. Hot spotting and heat checking
appear to be related.

•

Blistering of Carbon

Blistering is a type of failure that only occurs in carbon. The nature of the failure is that a
small patch of material near the surface first breaks loose and then raises up and
eventually breaks away totally leaving a crater or a pit. Both at the uplifted stage and at
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the pitted stage, blistering leads to unevenness of the seal surface and can contribute to
leakage.
Effects on Process Fluid
Process or sealed fluids are often dramatically affected by changes in temperature. Many
of the fluids of interest can exist in the solid, liquid or gaseous phase or some
combination of these within the temperature range encountered within the process or
within the seal. Thus, the prediction of pressure fluid temperature should be according to
the phase (or phases) of the fluid in the seal and the suitability of the seal to operation
with this phase. There are two major problems that occur due to phase change. One is
related to a liquid changing to the gas phase and the other is related to a change to a solid
phase.
An example of the first problem is if the liquid is water, since water turns into vapor
phase at temperatures greater than the boiling point of water temperatures. If the process
fluid is oil then there is a possibility of coke deposit formation at higher temperatures
near boiling points at the seal discharge side. Deposits as such can seriously influence the
performance of the seal. Crystallization occurs when dissolved salts or other substances
come out of the solution and form crystals at exit of the seal and solidification occurs
with some pumped fluids if their temperature becomes too low.

1.4 Heat Exchangers, Surface Treatments and Coatings
Adding heat exchangers in seals and bearings, where heat is generated between frictional
surfaces, can be beneficial in order to remove heat and thus reduce wear. A large array of
micro posts with height in the order of magnitude of millimeter and diameter of hundreds
of micrometers can be electroplated underneath the seal surfaces. Laboratory tests on a
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prototype have demonstrated the feasibility of this technology for improving the
performance of a mechanical seal (Kountouris, 1999). Besides the heat exchanger
technology there are many modern technologies used for improving the surface
properties include coatings and surface treatments. Etsion et al. (Etsion et al., 1999) have
surface treated the mechanical face seal with laser textured micro surface structure in the
form of micro pores. These pores tend to reduce wear and friction in between the mating
surfaces. This enhanced the performance of the mechanical face seal. The surfaces of the
mechanical face seals are coated such that the tribological properties of the seal are
improved. Coatings include hard coating and soft coatings. Techniques used to produce
coatings are thermal spray, welding, cladding physical vapor deposition (PVD), chemical
vapor deposition (CVD), physical chemical vapor deposition and so on (Bhushan, 1999).
A special coating device available in LSU Mechanical Department that integrates
reactive magnetron sputter deposition and inductively coupled plasma assisted hybrid
PVD/CVD (Meng et al.,2000). This device enables one to deposit various compositions
on different substrates. Experimental measurements have revealed that by coating a thin
layer of the hard coating, such as TiN, Si3N4, on the contacting surface of a seal, wear
and friction can be significantly reduced (Peterson and Winner, 1980). In this research
tungsten-containing hydrocarbon coatings are deposited on the mating ring surfaces and
the coefficient of friction is reduced and thus helps in the reduction of wear.
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2. LITERATURE REVIEW
Kountouris (1999) and Stephens et al. (2001) fabricated a seal prototype with implanted
micro heat exchangers underneath the surface of the mating ring. The prototype was
tested in the laboratory and the results showed a good improvement in the seal’s heat
transfer capacity.
Etsion et al. (1999) developed an analytical model to predict the relation between the
opening force and the operating conditions in a mechanical seal with laser textured micro
surface structure in the form of micro pores. The model can be implemented in any shape
of micro pores and was used for the optimization of spherical shape micro pores evenly
distributed on one of the mating rings to maximize the opening force and fluid film
stiffness. In several papers that followed, Etsion and co-workers showed a variety of new
applications of laser-textured surfaces including experimental results that attest to the
improvement of mechanical seal performance.
In an investigation of heat transfer in mechanical face seals, Doane et al. (1991)
combined experimental results with computations to obtain local and average heat
transfer information for the face of a mechanical face seal. Local and average Nusselt
number results were also obtained for the water wetted circumference of the seat. The
average Nusselt numbers for the two largest shaft speeds (1500, 2500 and 3000 rpm)
were accurately predicted using the standard equations for turbulent flat-plate flow to
compute the Nusselt numbers for the rotating portion and setting them equal to those for
the seat.
Philips et al. (1997) experimentally analyzed the impact of thermal distortion of
mechanical seal faces has on seal performance. The seal face torque, thermal gradients,

19

and fluid flow patterns under the normal operating conditions of the seal were measured.
Nusselt numbers and heat generation were calculated from the data.
Stephens et al. (2001) measured the thermal and structural performance of two micro pin
fin heat sinks designed for use in load bearing applications such as mechanical seals and
thrust bearings. The heat sinks are constructed of nickel, electrodeposited onto a stainless
steel thrust ring using a modified LIGA technique. The name ‘LIGA’ is a German
acronym for the process steps of Lithographie, Galvanoformung, and Abformung
(lithography, electroforming, and molding, in English). LIGA is a process used to
produce microstructures with high aspect ratios (ratio between vertical and lateral
dimensions) in a variety of materials including plastic, ceramic, and metal. Experimental
results showed adequate structural stability as well as the benefit of the micro-heat sink in
cooling the surface.
Thermal effects can have a pronounced influence on the performance of seals. Pascovici
and Etsion (1992) studied the thermo-hydrodynamic behavior of a mechanical face seal.
The most important effects caused by the thermal environment are thermally induced
radial taper, thermally induced waviness, heat checking and hot spotting, blistering,
effects on process fluid, coking and crystallization which are described in detail by
Lebeck (1991). Advances in analytical modeling of hot spots as predicted by the theory
of thermo-elastic instability (TEI) as given by Jang and Khonsari (2003).
Merati et al. (1999) presented a computational model to predict the flow field in the seal
chamber and temperature distribution within the stator of a mechanical seal. Nusselt
numbers on the wetted surfaces of the seal components were determined using this model
for the calculation of seal temperature distribution.
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Buck (1999) developed a realistic but simple model for predicting seal temperature, heat
generation and flush rate in mechanical seals. The model showed strong interdependence
among various pertinent parameters in a mechanical seal and thermal effects. The seal
was modeled as a fin and an appropriate heat transfer analysis was performed. The results
obtained show a close resemblance to the experiments.
Buck (2001) showed that a mechanical seal design would be considerably simplified if
the “perfect” seal face material could be found. In evaluating materials for seal faces,
both the properties of the individual materials and the combination of the tribological pair
were considered. Even though a perfect seal face material is not likely, Buck described
the ideal materials based on his experiences and experimental work. Buck’s
recommendations are very useful. Seal designers would not have to be concerned about
balance ratio, face widths, heat generation, flushing, corrosion, etc.
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3. EVOLUTION OF THE DESIGN
A mechanical face seal is an important component in a variety of pumps used in the
chemical, petrochemical, and process industry. The primary function of a mechanical
seal is to prevent leakage of the process fluid from the pump housing and shaft to the
environment. Annually over 40,000 new pumps are installed in process industries to
replace failed units and over 80% of the failures are attributed to problems emanating
from mechanical seals (Sabini, 1999). Many factors such as friction, wear, and
hydrodynamics affect the performance of a seal. Also important are the seal materials and
material combinations to prevent leakage and minimize the friction and wear. Seal
materials should have the following properties (Buck, 2001):
a. They must be wear resistant;
b. They should have low coefficient of thermal expansion;
c. They should have high overall strength;
d.

They should have good thermal properties, such as high thermal conductivity, to
remove heat generated from the rubbing surfaces;

e. They should have good resistance to corrosion from both inside and outside
environment; and
f. They should be easy to manufacture and have low cost.
Material pairs used in seal assemblies are usually different in order to maintain an
optimum operation result in terms of friction and wear. The selection of the material pairs
should be made according to the following considerations (Buck, 2001):
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a. A hard face and a soft face are often used. The hardness difference is usually
20%;
b. Low friction coefficient between rotating material and stationary material is
needed to decrease the heat generation at the interface and thus reduce thermal
expansion; and
c. The two materials should have high modulus of elasticity difference so that the
stiffer material will be able to run into the softer one to make good sealing.
Most importantly the friction, wear and the material pair influence the heat generation
between mating rings, which are in contact with each other. If the heat transfer between
the flush or the coolant and mating rings removes the heat generated in between the faces,
the mechanical seal runs cooler and thus lasts longer. Therefore, the more effective and
efficient the heat transfer, the longer is the life of a mechanical seal.
One of the simplest methods to provide good cooling is to bypass a small amount of flow
from the pump discharge into the seal region by a flow passage. If the flush flow is taken
from the process fluid, it is called as internal flush. If the bypass comes from a secondary
source, it is an external flush. If the flush flow is passed over the leakage side of the seal
then it is called quenching. This provides some cooling by supplying a fluid of known
temperature around the leakage side of the seal rings and it washes away any foreign
particles that may exist. In some applications, direct cooling is provided using a separate
fluid that need not be compatible with the process. Cooling flow is supplied at one side
and is discharged to the other so that the mating ring is surrounded with cool liquid.
Manufacturers of mechanical seals have been long interested in developing more
effective methodologies for removing heat from seal faces in addition to the cooling of
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the flush or coolant. One of the leading seal manufacturing companies, Advanced Sealing
International (ASI) has developed the idea of implanting a self-circulating heat removal
system in the rotating ring (U.S. Patent No. 5,217,234). In this design, the flush is
allowed to fall on the grooves in the sleeve on the rotating ring and it is carried towards
the exit. This helps in removing the heat generated in between the faces.
External heat exchangers are used to send in the cooled flush into the gland of a
mechanical seal to remove heat produced in between the faces (Lebeck, 1991), but it
being an external accessory defies optimization. Likewise, a lot of external cooling
devices are used to send in the cooled flush into the gland of a mechanical seal to remove
the heat generated in between the mating faces.

3.1 Pin-Fin Micro Heat Exchanger Mating Ring
Kountouris (1999) tested a seal prototype with implanted micro-pin, fin-type heat
exchangers in the mating ring, which help the mating ring to run cooler. The typical pin
fin heat exchanger mating ring is shown in Figure 3.1, the ring was made using a
technique called LIGA technique. LIGA is a three-step process comprised of X-ray
lithography, electroforming and molding (Stephens et al., 2001). An adapter sleeve is
shrink fitted onto this mating ring as shown in Figure 3.2 and the sleeve contains the
inlets of the coolant as shown, which goes through the pin fins and cools the surface from
behind.
The coolant as shown in Figure 3.3 enters into the sleeve works its way in between all the
posts or pin fins removing the heat generated on the surface from its rear end.
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Mating surface of
the mating ring

Pin fin micro
heat exchangers

Figure 3.1 Adapted Micro Pin Fin Heat Exchanger Mating Ring
(Khonsari and Stephens, 2002)

Aluminum outer
sleeve

Adapter sleeve

Cool injection
ports

Over-plated nickel
cap

Figure 3.2 Prototype of the Pin Fin Heat Exchanger with the Adapter
Sleeve for the Coolant (Kountouris, 1999)
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This mating ring was set up in a tribometer under the application of 44.5 N thrust load at
2500 rpm. The heat generated due to rubbing is removed by the coolant which is sent
through the injection ports and through the micro pin fins, in this case coolant used is air.
Coolant air enters through the injection ports and as shown in the Figure 3.4 and the
average temperature read was 37 0C ~ 310 0K ~ 99 0F. This design was proved to be
thermally as well as structurally stable (Kountouris, 1999).

Coolant
exits

Coolant
entries

Figure 3.3 Coolant Inlet and Exits in the Mating Ring (Stephens et al., 2001)
In this design, it is assumed that all of the heat is generated by friction between the
rotating and stationary rings. This heat is conducted into the microheat sink and
convected away by the coolant. Thus, this design introduced the concept of implanting
heat exchangers in the mating ring to convect away the heat generated in between the
mating faces. Even though it produced tremendous results, this model has its own
limitations because it is tedious to make and unless mass-produced the associated costs
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may become prohibitive. This calls for the need of an alternative design of a mating ring,
which is simpler to make yet effective and efficient in convecting the heat generated.
380

No Coolant
370
360

Temperature (K)

350
340
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Coolant

320
310
300
290
0:00:00

0:20:00

0:40:00

1:00:00

1:20:00

1:40:00

2:00:00

Time (hours)

Figure 3.4 Temperature Contours from the Experiments (Kountouris, 1999).

3.2 Radial Heat Exchanger Mating Ring
The radial heat exchanger is another design of a mating ring with an internal cooling. In
the place of micro pin fin heat exchangers radial holes were drilled. The radial heat
exchanger mating ring (Khonsari, 2002) is a design of the mating ring, which helps the
coolant or flush to enter into the radial holes and convect away the heat generated in
between the surfaces of the mating rings. The radial heat exchanger mating ring
(Khonsari, 2002) is shown in the Figure 3.5. A modified gland is used to let the flush to
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enter in and is allowed to run in a closed loop or an open loop depending on the type of
the coolant used.

Figure 3.5 A Prototype of the Radial Heat Exchanger
Mating Ring (Khonsari, 2002)
The heat exchanger mating rings are different from the conventional mating rings
because they have self-contained heat exchangers in the mating rings. So the testing
procedures change in a conventional mating ring, the cooling takes place by flush from a
conventional gland. The coolant or flush from the conventional gland is allowed to fall on
the mating faces which are in contact. The flush takes the route over the rotating ring into
the pump discharge as shown in Figure 3.5 and for these heat exchanger mating rings a
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modified gland is used to allow the flush to flow into the heat exchanger posts or radial
holes and takes a route back into the gland itself and then to discharge or to the same loop
as shown in Figure 3.6.

Flush into
discharge

Rotating
ring

Mating
ring

Flush in

Figure 3.6 Conventional Gland for Conventional Mating Rings

3.2.1 Conventional Gland
The flush in the conventional gland flows onto the seal faces in contact and merges into
the discharge of the pump, as shown in Figure 3.6. The O-rings act as the secondary
sealing components to ensure that the fluid does not escape the gland and leak out. In the
conventional seal shown in Figure 3.6, at the start of the pump the flush provides
hydrodynamic effect to the seal faces in contact adjusting to the spring pressure. After
running in, the faces eventually come into contact with each other. A lot of rubbing heat
is generated in between the faces is shown in the Figure 3.6. For effective cooling, the
mating ring with an internal heat exchanger inside a modified gland with its own cooling
loop is needed.
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3.2.2 Modified Gland
The modified gland follows the concept of direct cooling but the exit of the coolant is on
the same side in the gland. In the modified gland the flush entry changes its position such
that the flush falls onto the radial heat exchangers as shown in Figure 3.7.

Exit

Inlet

Gland

Anti-rotation
pin
O-ring

O-ring

Snap
ring

Mating ring
with HX

Stationary
sleeve
Shaft

Figure 3.7 Modified Gland Set-up for the Heat Exchanger Mating Rings
The flush or coolant passing through the heat exchangers convects away the heat
generated in between the faces from behind the surface of the mating ring. Then the
coolant takes its path into a stationary sleeve and exits from the gland as shown in the
Figure 3.7. The stationary sleeve is in between the shaft and the mating ring. The
stationary sleeve is used to retrieve the coolant in the modified gland. This sleeve is
snapped to the gland by a snap ring to ensure that the mating ring as well as the sleeve
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remains intact to the gland. The exited flush or coolant can be run in a closed loop or an
open loop depending upon the type of coolant. If a liquid coolant is a gas it can be run in
an open loop, where the gas can exit to atmosphere. If a liquid coolant is used, it must be
run in a closed loop continuously. In this modified gland case the coolant covers more
surface area than that in the conventional gland. Thus this design is much more effective
than the conventional one.
The leakage paths here are sealed by the secondary seal components (O-rings) as shown
in Figure 3.7. The pumping fluid in this gland will provide the hydrodynamic effect in
between the faces as it does in the conventional gland. This gland design is a unique
design for the end face seals or component seals. Certain modifications have to be done if
it has to be made for different kinds of seals.

3.2.3 Radial Heat Exchanger in the Modified Gland
This design was a proof of concept to test the ideas of cooling the mating ring in an open
loop and a closed loop in an actual pump with the modified gland. The purpose of this
design is to test the feasibility of the flows into the mating ring. This design was
implemented and tested by the senior design team (2002). The radial heat exchanger
mating ring was made of Ni-resist and put in the modified gland, 72 radial holes of 0.8
mm (1/32”) diameter equidistant to each other were drilled along the circumference in the
mating ring at a distance of 5.5 mm (0.218”) from the surface of the mating ring as
shown in Figure 3.8 and the mating ring dimensions are as follows, major diameter 55
mm (2.165”) and minor diameter 40.31 mm (1.587”) and the width of the mating ring
18.75 mm (0.738”). Two thermocouples were plugged into the mating ring as shown in
Figure 3.8 and surface temperatures were measured when the tests are run. The

31

temperatures read using this mating ring were not cooler than those of the conventional
mating ring. The testing procedures confirmed the functioning of the experimental set up
and the concept of the flows in the rings.
The thermocouples holes are drilled in the mating ring, which are 10.16 mm (0.4”) deep
as shown in the Figure 3.8, and the temperatures read are 8.6 mm (0.338”) away from the
surface. The typical temperatures that are read are 48.3 0C (119 0F) and 49.5 0C (121 0F)
when the mating ring reached steady state.
2-Ø 0.100 Hole
(Depth 0.400, 90° apart,
PCD=1.916)

Ø 0.127 Hole
(Depth 0.125,
PCD=1.89)

A

Ø 2.165

A
Ø 0.127 Hole
(Depth=0.125
PCD=1.89)

Ø 1.587

0.738 ± 0.005

Ø 1.587 ± 0.002
Ø 2.165 ± 0.002

Ø 0.100 Hole
(Depth=0.400
PCD=1.916)

Chamfer
45° @ 0.021

Chamfer
15° @ 0.063

0.520 ± 0.005

Figure 3.8 Radial Heat Exchanger Mating Ring with Dimensions (Senior Design, 2002)
This work proved the concept of using an internal heat exchanger in the mating ring and
its implementation in an actual pump with a modified gland. This paved the way for
further improved designs.
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3.3 The Double-Tier Mating (DTS) Ring
The objective is to have an internal heat exchanger in the mating ring, which should help
the mating ring run cooler. The design should be easy to manufacture and have effective
heat transfer characteristics.

Original ring

Male part

Female part

Figure 3.9 A Solid Mating Ring Shown Split into Two Pieces
The heat exchanger in the mating ring should provide a mechanism for the coolant to
easily flow in the ring and continuously take heat away from the face such that the heat
generated in between the rings is convected effectively. A new design was created
whereby the mating ring is split into two pieces as shown in the Figure 3.9. The split
parts are used in such a way that they constitute the design of the internal heat exchanger.
The two parts after designed accordingly to carry the function of heat exchanger are
mated or combined together to form one solid mating ring by the appropriate dimensions.
The details of the design and its advantages are presented by Khonsari and Somanchi
(2003).
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4. THE DTS MATING RING DESIGN
The general purpose of this design (Khonsari and Somanchi, 2003) is to provide a
reliable, inexpensive apparatus and a method that enhances the overall performance of
mechanical seals (e.g., single mechanical seals, double mechanical seals, tandem
mechanical seals, bellows, pusher mechanical seals, and all types of rotating and
reciprocating machines). The basic design of the apparatus is that of a conventional
mechanical seal comprising a rotating ring and a mating ring. In a preferred design, to
enhance the overall mechanical seal performance, the mating ring is formed from two
half rings, a first stationary ring having a circumferential groove-channel and a seal face
that abuts the rotating ring, and a second stationary ring having a circumferential diverter
adapted to fit within the groove-channel of the first stationary ring and to form a
divergent flow channel that induces a turbulent flow pattern in the mating ring as it
diverts coolant towards the interior surface area of the seal face.
The mechanical components should be capable of withstanding heat produced while the
mechanical seal is operating, and should have a relatively high mechanical strength and a
relatively high resistance to corrosion, friction, and wear, such as stainless steel, cast iron,
steel, titanium, ceramic, and graphite composites. Optionally, a thin protective coating
capable of improving the mechanical and tribological properties (e.g., hardness,
coefficient of friction, and rate of wear) of mechanical components may be conformally
deposited onto the mechanical seal such as a Tungsten-containing hydrocarbon (W-C: H).
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4.1 The DTS Design
As discussed earlier, the mating ring is split into two rings, hence the name double-tier
seal (DTS) mating ring. The DTS mating ring allows for a controlled removal of heat
generated at the seal face between of the mating ring as it slides against the rotating ring.
This is achieved by channeling the flow of coolant entering the mating ring to a position
adjacent to and in close proximity with the interior surface area of the seal face of the
mating ring, where the highest levels of surface temperatures are often generated. The
DTS mating ring is fabricated from two half ring that form a divergent inducing flow
channel when combined.

The first stationary ring has a groove-channel and

symmetrically spaced radial holes that extend from the outer diameter to the inner
diameter of the first stationary ring to form coolant inlets and outlets as shown in Figure
4.1 is referred to a C-section ring to signify the shape of its cross section. The second
stationary ring has a circumferential diverter adapted to be inserted into the groovechannel of the first stationary ring to form a circumferential channel that diverts coolant
towards the interior surface area of the seal face as shown in Figure 4.2. This is referred
to as the protrusion ring, for its diverter is protruded forward. As the diverted coolant
exits the mating ring, it uniformly removes heat from the seal face. The two rings are
mated together with a shrink fit or a thread fit. The assembly of the two rings is shown in
Figure 4.3 (Khonsari and Somanchi, 2003).
In accordance with this design, it comprises a first stationary ring having a
circumferential groove-channel and a seal face, and a second stationary ring having a
circumferential diverter for diverting the flow of coolant entering the first stationary ring.
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Radial inlet
hole/port

Radial outlet
hole/port
Mating surface
of the ring
Groove channel

Figure 4.1 First Half Ring/ Circumferential Groove Channel
Ring of the Split-Mating Ring

Circumferential diverter
or protrusion ring

Figure 4.2 Second Half ring/ Circumferential Diverter Ring
of the Split-Mating Ring
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Surface of the
DTS mating ring

Protrusion ring

C-section ring

Figure 4.3 Assembled DTS Mating Ring
As shown in Figures 4.1 and 4.2, the circumferential groove-channel is sized and shaped
to receive circumferential diverter, so that, when combined together, first and second
stationary rings formed a mating ring having a divergent flow-channel as shown in Figure
4.4. Divergent flow-channel is adapted to uniformly direct coolant entering first
stationary ring to a position adjacent to and in close proximity with the interior surface
area of the seal face before exiting first stationary ring. The first stationary ring is
circular-shaped and further comprises an outer surface and an inner surface each having a
plurality of radial holes adapted to form inlet and outlet ports or holes. The radial holes
were adapted to allow coolant to enter divergent flow-channel through inlet ports and
uniformly remove heat from the interior surface area of seal face before exiting through
outlet ports or exit holes, while minimizing any effects of backpressure (Khonsari and
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Somanchi, 2003). In this design, sixteen holes were symmetrically distributed along the
outer and inner surfaces to allow coolant to flow through first stationary ring, and to
maintain a sufficient level of heat transfer such that the occurrence of thermoelastic
instability was minimized. Alternatively, first stationary ring may comprise inlet and
outlet ports (e.g., eight, sixteen, thirty-two, etc. number of holes). First and second
stationary rings were adapted so that they could be combined together using a shrinkfitting technique. Alternatively, first and second stationary rings can be adapted to allow
them to be threaded together (Khonsari and Somanchi, 2003).
Inlet of the
Coolant flow

Exit of the
Coolant flow

Figure 4.4 Coolant Path in the DTS Mating Ring.
The coolant is supplied to the mating ring through the seal gland as discussed in the
earlier sections, Figure 4.5 shows the sectional view of the DTS mating ring in the
modified gland of a mechanical seal used in the pump. If the coolant is a gas like
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compressed air, the radial holes inlet and outlet ports and the groove channel provided in
between both the C-section and the protrusion rings are sufficient. If it is a liquid like
water there is a chance of anticipating back- pressure. Thus, the circular radial holes for
inlet and outlet ports are reshaped into elliptical holes and the volume of the groove
channel is increased by reducing the length and the thickness of the diverter in the
protrusion ring.
Coolant is supplied to inlet ports through a supply channel located in seal gland. As the
coolant exited the outlet ports, it flowed away from mating ring through a routing port
located between sleeve and the mating ring. Sleeve is held in close proximity with rotary
shaft using a snap ring. Mating ring is securely affixed to seal gland using an antirotation pin which is adapted to prevent mating ring from rotating. A plurality of rubber
O-rings where adapted for use as secondary sealing components to help prevent fluid
from escaping seal gland. Rotating ring, located in a stuffing box, is adapted to form a
seal with the mating ring using a hook sleeve, which allowed rotating ring to rotate with
shaft (Khonsari and Somanchi, 2003). Exiting coolant is removed from mating ring
through exit channel in seal gland. Sometimes depending upon the coolant supplied, the
coolant from exit channel is returned to supply channel for recirculation in a continuous
loop or else, the coolant from the exit channel may be allowed to exit to the atmosphere.

4.1.1 Manufacturing Procedures
•

Shrink Fit

One possible method of manufacturing of the DTS ring is to shrink fit both the rings
together and make it one mating ring. In the DTS mating ring, the ring with the
circumferential diverter or the protrusion ring is the male part and the ring with

39

circumferential groove and the radial holes is the female part. As the mating ring is made
out of 410 stainless steel, the female part is heated such that the ring expands more than
the male part. The heated female part is mated with the male part and then the assembly
is cooled such that they shrink fit together as one mating ring. Figures 4.1, 4.2 and 4.3
show the male, female and the shrink fitted mating ring respectively.
Inlet

Exit
Gland

Anti-rotation
pin

O-ring

Shaft

Rotating ring

DTS mating ring

Routing port

O-ring

Snap ring

Figure 4.5 Schematic Flow of Coolant in the DTS Mating Ring
in the Modified Gland

Threads on
the rings
40 TPI

Figure 4.6 C-section Ring with Threads

Figure 4.7 Protrusion Ring with Threads

40

•

Thread Fit

This is an alternate method to fit the two rings together, the male and female parts can be
fitted together using threads on each of them. The threads used on the rings are 40 TPI
left hand thread type as shown in figures 4.6 and 4.7 for the female and male parts
respectively. The left hand thread is a must because the pump rotates in clockwise
direction and the parts should not come apart.

4.2 Coating on the Mating Ring
As mentioned in the first chapter, one method for changing the seal faces performance is
by means of thin film hard coating such as diamond like carbon coating (DLC) using the
vapor deposition technique. In this case, Tungsten hydro-carbon (W-C: H) is the coating
material used on the surface of the mating rings.
There are three main categories of vapor deposition: physical vapor deposition (PVD),
chemical vapor deposition (CVD), physical-chemical vapor deposition (PCVD) or
plasma-enhanced CVD (PECVD) (Bhushan, 1999). PVD is the processes of condensing
material vapors, which can be created by evaporation, sputtering or laser ablation, onto
substrate to form a protective film. CVD is the process of depositing the product of
chemical reactions of material vapor onto a heated substrate. Vapor deposition normally
includes three steps: first, material should be transferred to the vapor phase by
evaporation, sputtering or laser ablation. Then the vapor phase materials are transported
from the source to the substrate. In the last step, the vapor species are condensed onto the
substrate and the film is formed by nucleation and growth processes (Bunshah, 2000).
Physical vapor depositions can be divided into two categories: sputtering and
evaporation. More detailed classes can be separated from these two categories, such as
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thermal evaporation, activated reactive evaporation, glow-discharge sputtering and ion
beam sputtering, etc. The evaporation is usually carried out in high vacuum. The material
to be deposited is heated to a temperature of 1000—2000 ° C to create vapor. The vapor
pressure (>10-2 torr) will then exceed the ambient pressure to make sufficient vapor for
the deposition. The substrate can be either preheated to 200—1600 °C or biased to the
desired potential using a DC/RF power supply. During the process, the atoms or
molecules of material to be coated are ejected from the solid surface become vapor
through momentum transfer from energetic particles. The energetic particles are usually
positive ions from heavy inert gases or reactive gases or species for the coating materials.
The substrate and the sputtered material, which is called target, are positioned facing each
other in the vacuum chamber with a distant of 5 to 10 cm. When the sputtered material
ejected, the substrate will intercept the flux of sputtered atoms and the atoms will then be
deposited onto the substrate. When a magnetic field is used (usually by putting a magnet
behind the target) in the spattering process, the magnetic field, which is not strong
enough to affect ions, in front of the cathode and the electric field will trap the electrons.
Therefore, the ionization efficiency near the target can be greatly increased and more
electrons will be created out of the surface material. As a result, the sputtering rates will
be increased. This method is called magnetron sputtering.
In the chemical vapor deposition process, gaseous chemical reactants will be blown into
the reaction chamber. These reactants will be activated to decompose or react on the
substrate surfaces to form coatings. The conventional activation methods are reheating
substrate to reach a temperature of 150 — 2200 °C in order for the reaction to take place.
Other activation methods include plasma assisted CVD (PACVD)/plasma enhanced CVD
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(PECVD) and laser induced CVD. PACVD/PECVD utilizes glow-discharge plasma to
activate the CVD process. It is very similar to conventional CVD except that vapor phase
reactants react under the assistant of glow-discharge plasma instead of the heating of
substrate. Because the high-energy electrons in the glow-discharge plasma can break the
chemical bond of the reactant molecules and consequently enhanced the chemical
reaction, PECVD allows the coating process to happen in very low temperature (usually
<300 °C). The coating process in the present work is reactive sputtering deposition,
which is a combination of physical vapor deposition (PVD) from the sputtered metal flux
and chemical vapor deposition (CVD) from the hydrocarbon ions and radicals in the gas
phase (Feng, 2001). In the deposition device system, inductively coupled plasma devices
(ICP) and magnetron sputter deposition devices are used to enable a wide range of metal
concentrations in the coatings.
The mating prototypes used in this work were made of 410 SS and were grinded on both
sides to make them parallel to each other within 0.05 mm (~0.002") by Dr. Meng and his
research associate Ms. Wang both from the LSU, Mechanical Engineering department.
Then, one side of the sample rings is polished to reach Ra<1 µm. After that, the samples
were cleaned in acetone and methanol with an ultrasonic cleaner to get rid of the
oil/grease and dirt. The procedures explained above were used to coat the prototypes with
Tungsten hydro-carbon coatings. If it is with Tungsten (W) interlayer, the W cathode
current of 0.5A. The W-C:H coating is with W cathode current 0.15 A, C2H2 with the
flow rate 5sfcm. The coefficient of friction was obtained between the coated specimens
and a carbon counter part. The results for this purpose were obtained by Dr. Meng and
Ms. Wang.
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5. TESTING DIFFERENT MECHANICAL SEALS
5.1 Pump Test Rig
The best way to evaluate the performance of a mechanical seal is to install one in a
standard pump with instrumentation. A typical pump in a plant is shown in the Figure
5.1.

Discharge

Pump

Motor
Suction

Mechanical
seal

Figure 5.1 A Typical Pump in a Plant (Courtesy of Senior Design Team 2001-02)
A pump test facility shown in Figure 5.2 was set up in the Center for Rotating Machinery
(CeRoM) laboratory for evaluation of mechanical seals. This work was completed by a
team of senior design students in collaboration with the author of this thesis under the
guidance of Dr. Khonsari of the LSU Mechanical Engineering Department (Senior
design, 2002). The test rig is capable of running either the conventional mechanical seal
or the DTS seal with an internal heat exchanger described in section 4.1. The pump was
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instrumented to record the temperatures of flush inlet and outlet, the mating ring surface
temperatures, and the inlet and outlet flow rates. The test rig as shown in Figure 5.2
consists of a pump, motor, conventional as well as modified glands, holding tank, pipes,
valves and fittings, gas panel to use air as coolant and closed loop components to use
water as coolant and a thermocouple reader

Discharge
Closed loop components

Holding
tank

Motor

Gas panel

Thermocouple
reader
Data acquisition
Suction
Pump

Figure 5.2 A Typical Pump Set-up in the Lab for the Performance Test of Mechanical
Seals
The purpose of the test rig is to operate the heat exchanger, DTS mechanical seals and a
conventional seal in a standard pump and record performance data in real time. The
performance of new design seals is compared with that of the conventional seal. One of
the most important design requirements of the test station is that it must be able to collect
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performance data for the seal such as the seal interface temperature and the coolant/flush
inlet, outlet flow temperatures, coolant flow rate and supply pressure. All measured
parameters were logged into a computer for processing.
To measure the seal performance the mating ring was installed in the pump using water
as the process fluid. Water was pumped directly to and from a holding tank, which
would route the water back to the pump. A throttle valve was located at the discharge of
the pump in order to regulate the flow. A gate valve was placed between the pump and
the tank to shut-off the flow when the pump was being serviced. All of the components
are seated on the floor with the exception of the seal coolant supply as there was no
concerned requirement of structural or foundation constraints.

•

Pump Specifications

A Goulds 3196 STX pump driven by a three horsepower motor was used in the test rig.
This pump has a head of 38 m and a 0.38 m3 /min flow rate at its best efficiency point of
59%. The flow exiting the pump was throttled using a globe valve in order to keep the
pump running as close as to its BEP, resulting in a discharge pressure of approximately
380 KPa. The pump/motor combination was bolted to a base plate made of steel in order
to keep the shaft aligned between the two machines. Footing pads are used underneath
the base to enhance stability and noise reduction.
There was no danger of the piping coming loose at its connections to the pump since the
68 kg flanges on the pump can more than withstand the discharge pressure developed. A
safety guard is also placed over the coupling between the motor and the pump. This guard
prevents anything from getting caught in the shaft rotation and any material inside the
pump or motor from being spun off the shaft into the surrounding atmosphere. The
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electrical wiring from the motor is insulated and properly housed for safety purposes, and
procedures for safely isolating, draining, operating and working on the pump are adapted.

•

Holding Tank

A holding tank was used to temporarily store the process fluid while it dissipated some of
the heat generated by the pump. For this purpose, the volume of the holding tank was
about 1.13 m3 and based on a holding time of three minutes and the thermal capacity
required to for about 12-hour test.
The tank, 1.22 m tall, was capable of holding enough water to prevent the steady state
temperature in the process fluid from reaching 60 0C. The tank has a lid that will prevent
a possible overflow in the instance that a significant amount of turbulence in generated.
The height of the process fluid in the tank was 0.8 m to allow the pump to self-prime.
Based on the net positive suction head required by the pump of 0.3 m, the pump was
found to operate at a substantial lift, therefore the tank was placed on the floor next to the
pump.

•

Piping

PVC schedule 80 piping is used to transfer the process fluid to the holding tank from the
pump due to its ease of fabrication and assembly. A short length of the piping was used,
since the data needed concentrates on the seal performance rather than the process fluid.
PVC piping of length 0.46 m (1.5 ft) connected the bottom of the tank to the suction of
the pump whereas 1.07 m (3.5 ft) of piping was needed to carry the water from the
discharge of the pump back to the holding tank. The discharge piping was composed of
two different materials. The piping flanged to the discharge of the pump up until the
globe valve galvanized 1020 steel due to the fact that it gave a stronger fitting to the area
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with the highest pressure. PVC piping continuously carried the fluid into the holding
tank.
Sizing of the pipe diameter was based on a flow rate of 0.9-1.2 mps (3-4 fps) at the
suction and 1.8-2.4 mps (6-8 fps) at the discharge of the pump. From the desired suction
and discharge velocities, the inside pipe diameter is calculated to be around 76 mm (3 in)
for the suction and 51 mm (2 in) for the discharge. The pipe thickness was determined
based on the sum of the maximum shut-off head and the normal suction head with the
allowable stresses.

•

Seal Cooling Systems for DTS

For the air-cooled system, a continuous, single pass of air was used to remove heat from
the seal interface. The air was supplied to the seal and then allowed to exhaust from the
back of the gland to the atmosphere after flowing through the heat exchanger designs in
the mating rings. Air was filtered to prevent clogging. This filtering, measuring and
regulating of pressure was done using a gas control panel as shown in the Figure 5.3.
The water-cooling system required the use of a closed loop circulation system. This
system includes a seal pot or reservoir for containing the coolant, a heat exchanger to
vent the heat to the atmosphere, and a small pump to circulate the coolant through the
loop. Figure 5.4 shows the closed loop components that circulate the coolant through the
mating ring.
Closed loop systems similar to what was required already existed for the circulation of
barrier fluid or buffer fluids between dual mechanical seals. These circulation systems are
common API plans that were used throughout the process industry. The pressure and
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flow rate characteristics of the new design mating rings were to be experimentally
determined.

Pressure switch
Pressure gauge

Flowmeter

Filter
Regulator

Valve

Fig 5.3 Gas Panel

Filter

Heat Exchanger

Reservoir

Exit hose

Flowmeter and
Pressure gauge

Fig 5.4 Closed Loop Cooling Components in the Test Rig
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•

Instrumentation and Data Logging

Thermocouples were placed at the inlet and exit of the coolant flow, as well as behind the
seal face where two pre-cast holes were drilled into the ring as shown in Figure 5.5. A
thermocouple was placed in the holding tank to monitor the temperature of the process
fluid. Type J-thermocouples were used due to their quick response time and temperature
range 0 - 760 0 C (32-1400 0F). The thermocouples are approximately 1.58 mm (0.0625”)
in diameter and were connected to a 16-channel SR630 Model Stanford Research
Systems thermocouple reader as shown in the Figure 5.2. The thermocouple reader stores
the data in a computer from where the temperature plots are plotted as a function of time.
The specifications of the pump test rig are mentioned in the Table 5.1

Anti-rotation
pin

Thermocouple
holes

Figure 5.5 Thermocouple Holes and the Anti Rotation Pin in the Rear Surface of the
Mating Ring
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Table 5.1 Specifications of the Pump Test Rig
Pump
Gland specifications

Holding tank
Piping
Valves and fittings

Head = 38.1 m (125 ft)
NPSHR = 1
Flow rate = 0.378 m3/min (100 gpm)
Seal chamber pressure = 69 KPa (10 psi)
Spring pressure = 160 N (36 lb)
Rotational speed (through motor) = 3450 rpm
Heat generated at Seal interface = 105 W (360 BTU/hr)
Flow rate of coolant:
Water =0 - 3.8e-3 m3/min (0-1 gpm), Air = 0 - 276 KPa (0-40 psi)
Capacity of the tank = 0.378 m3 (100 gallons)
The maximum height of water it can hold = 1.321 m (52”)
Suction diameter = 76.2 mm (3”)
Discharge diameter = 50.8 mm (2”)
Rated pressure = 1.2 MPa (175 psi) (and greater)

5.2 Experiments Run
Three different mating rings were tested in the pump test rig. One is a conventional
mating ring which fits in the conventional gland tested with a flush-in and flush-out as
water. The second is a coated “dummy” mating ring, coated with W: C-H which is fit in
the modified gland. This ring is a solid mating ring with no inlet ports and devoid of an
internal heat exchanger. Its function is to provide a base data point. The third is the DTS
mating ring coated with W: C-H is tested with air and water as coolants in the modified
gland individually.
A conventional rotating ring having an outer diameter of 44.8 mm (1.765”) and an inner
diameter of 41.3 mm (1.625”) was used to form a seal with mating ring. Rotating
ring was made from carbon. The conventional mating ring was made of silicon carbide
with an OD 50.8 mm (2”) and the ID 36.3 mm (1.43”). Two thermocouple holes 10.16
mm (0.4”) deep thermocouple holes and an anti rotation pin were drilled on the rear
surface of the mating ring. A solid coated dummy ring made of 410 stainless steel was

51

made with the same dimensions as that of the DTS mating ring, with OD 55 mm
(2.165”) and the ID 40.31 mm (1.587”). Two thermocouple holes 18.7 mm (0.7375”)
deep were drilled on the rear surface of this ring. Table 5.2 shows the material and the
dimensions of the mating as well as the rotating rings used in the pump test rig.
The assembled DTS mating ring was installed in the gland as shown in Figure 4.5. First
and second stationary rings had an outside diameter of 55 mm (2.165”) and an inside
diameter of 40.31 mm (1.587”). The circumferential groove-channel was 10.16 mm
(0.4”) wide and 1.98 mm (0.078”) thick. The circumferential diverter was 8.6 mm
(0.338”) long and 1.69 mm (0.0665”) thick, which provided a 0.8 mm (1/32”) thick
divergent path for coolant flow, once mating ring was fully assembled. Sixteen 1.58 mm
(1/16”) diameter radial holes are drilled through first stationary ring at a distance of 5.53
mm (0.218”) from the edge of contact surface to form inlet and outlet ports in the outer
and inner surfaces of first stationary ring, respectively. First and second stationary rings
were then shrink-fitted together to form a single mating ring having an outer diameter of
55 mm (2.165”), an inner diameter of 40.31 mm (1.587”), and a thickness of 18.75 mm
(0.738”). A prototype of the mating ring was made which was thread-fitted together. Both
of the rings were provided with the left hand threading with 40 threads per inch threading
in between them. Figures 5.7 and 5.8 show the dimensions of both the rings of the mating
rings. Figure 5.9 shows the modified dimensions for the circumferential ring with the
adapter with threads (40 TPI LHT). Mating ring was then coated with a Tungstencontaining hydrocarbon (W: C-H). Thermocouple holes were drilled into the rear surface
of the mating ring at the same depth as that of the solid dummy ring for the DTS mating
ring and it is made of 410 stainless steel also. In the case of elliptical holes, sixteen
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elliptical holes were drilled with 3.2 mm x 1.59 mm (1/8” x 1/16”) as major and minor
diameters of the holes in the C-section ring. The major diameter of the holes was parallel
to the face of the mating ring at the axial position as shown in the Figure 5.6.
Accordingly, the thickness of the protrusion is changed to 0.9 mm (0.03525”) and the
length is decreased to 7.8 mm (0.30675”) maintaining an increased constant volume
groove-channel for the coolant.
Table 5.2 Materials and Dimensions of the Mating Rings
Conventional mating ring
Dummy mating ring
DTS mating ring
mm(Silicon Carbide)
mm (410 SS)
mm (410 SS)
OD = 50.8 (2”)
OD = 55 (2.165”)
OD = 55 (2.165”)
ID = 36.3 (1.43”)
ID = 40.31 (1.587”)
ID = 40.31 (1.587”)

Thread fitted DTS
mating ring
Elliptical holes

Figure 5.6 DTS Mating Ring with Elliptical Holes

Figure 5.7 Dimensions for the Ring with Circumferential Groove and with Radial Holes
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Figure 5.8 Dimensions for the Circumferential Ring with Adapter or Protrusion

Figure 5.9 Dimensions for the Circumferential Ring with Adapter or Protrusion with 40
TPI and LHT Threads
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5.2.1 Conventional Mating Ring
The conventional mating ring was tested for 150 minutes with water at 0.00094 m3 /min
(0.25 gpm) as flush-in and flush-out in the conventional gland in the pump test rig. The
temperatures were noted close to the surface of the mating ring which provided the
temperatures close to those on the surface. It should be noted that the thermocouple holes
are 10.16 mm (0.4”) deep in this mating ring which is not as deep as in the DTS mating
ring or as in the dummy ring (18.7 mm (0.7375”) deep). In deeper holes it was observed
that the temperatures measured are higher as they were closer to the surface. The surface
temperature was recorded to be 40.5 0C (105 0F) at steady state and if the thermocouple
holes were deeper than 10.16 mm (0.4”) the temperatures measured would be closer to
the surface temperatures which would be much higher than 40.5 0C (105 0F). The flush-in
temperature was noted to be 26.7 0C (80 0F) at steady state. The surface temperature was
noted to be 40.5 0C (105 0F) as shown in Figure 5.10.

5.2.2 Coated Solid Dummy Mating Ring
The coated dummy ring was tested for 55 minutes and at that time the temperature was
measured to be 65.6 0C (150 0F). The temperature continued to rise and it did not appear
to reach steady state indicating that failure is imminent. Therefore, the experiment was
halted so as not to damage the seal. It should be emphasized that the thermocouple holes
were deeper than those of conventional ring. Thus, the temperatures measured were
closer to the surface temperatures than the conventional seal. The air coolant was sent in
at 275 KPa (40psi) and the temperature was noted to be 26.7 0C (80 0F). The temperature
plot of the coated dummy ring is shown in Figure 5.11.
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Figure 5.10 Surface Temperature of the Conventional Mating Ring
with Water as Flush at 9.4 x 10-4 m3/min (0.25 gpm)
(Average of the two thermocouple readings)

5.2.3 Coated DTS Mating Ring
•

Air as Coolant

The coated DTS mating ring with circular radial holes was tested for 120 minutes with air
as coolant at 138 KPa (20 psi). Also, another ring with elliptical holes was tested for 120
minutes at 207 KPa (30 psi). The surface temperatures reached steady state and were
measured to be 35 0C (95 0F) and 33.33 0C (92 0F), as shown in the Figures 5.12 and 5.13
respectively. The coolant-in temperature was noted to be 26.7 0C (80 0F) in both the
cases. The test was repeated for much longer time, for 300 minutes at 138 KPa (20 psi)
using coolant air. The temperature was at 35 0C (95 0F) at steady state, which matches
with the previously run test.

•

Water as Coolant

The DTS mating ring with elliptical holes was run with water as coolant for 180 minutes
at a flow rate of 0.0038 m3 /min (1 gpm). The temperatures reached steady state and were
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noted to be 29.4 0C (85 0F). The temperature plots are reported in the Figure 5.14. The
coolant in temperature was noted to be 26.7 0C (80 0F) at steady state.
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Figure 5.11 Surface Temperature of the Coated Dummy Mating Ring
with air as Coolant at 138 KPa (20 psi)
(Average of the two thermocouple readings)
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Figure 5.12 Surface Temperature of the Coated DTS Mating Ring with
Circular Radial Holes with Air as Coolant at 138 KPa (20 psi)
(Average of the two thermocouple readings)
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Figure 5.13 Surface Temperature of the Coated DTS Mating Ring
with Elliptical Radial Holes with Air as Coolant at 207 KPa (30psi)
(Average of the two thermocouple readings)
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Figure 5.14 Surface Temperature of the DTS Mating Ring with Elliptical Radial
Holes with Water as Coolant at 3.8 x 10-3 m3/min (1gpm)
(Average of the two thermocouple readings)

5.3 Heat Generation Calculations
The heat generation was estimated and the heat flux on the seal face was obtained
assuming uniform heat flux on the surfaces due to the rubbing friction between the
mating rings in the mechanical face seal. The pressure was assumed to be uniform over
the face of the mating ring.
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Q g = PmVA f f

(5.1)

where Q g is the calculated heat generated in a mechanical seal due to rubbing in between
the mating rings, Pm is the mean pressure between the mating rings, V is the mean
velocity of the rotating ring, Af is the seal face area and f is the coefficient of friction in
between the rubbing parts. The mean pressure is calculated using the following
expression.
where Pm = ∆P(b − k ) + Psp

(5.2)

where ∆P is differential pressure in the seal, b is the balance ratio, k is the pressure
gradient factor. If the pressure is assumed to be linear in between the rings in contact,
then its value is considered to be 0.5. The parameter Psp is the pressure exerted by the
spring on the mating ring through the rotating ring.

V = πDm N
Dm =

(5.3)

D1 + D2
2

(5.4)

Here, V is calculated using the parameters Dm. N represents the rotational speed in
revolutions per minute (rpm). Hence, the heat flux q is calculated using the formula as
shown

q=

Qg
Af

Therefore

q = PmVf

(5.5)

The generated heat in between the faces is partially removed by the heat convection from
the flush in the case of the conventional seal or the coolant in the case of the DTS
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mechanical seal in the modified gland. The heat calculations are tabulated in the
following Table 5.3
Table 5.3 Information of Individual Mating Rings
Mating rings

Material

Friction
coefficient

Heat generated
W (BTU/hr)

Conventional
mating ring
Dummy mating
ring
DTS mating
ring

Silicon Carbide

0.1

129.5 (442)

Heat flux
KW/m2
(BTU/hr in2)
269 (593)

410 SS coated
with W-C:H
410 SS coated
with W-C:H

0.08

103.5 (353.5)

215.4 (474.1)

0.08

103.5 (353.5)

215.4 (474.1)

5.4 Thermal Analysis
A conventional mating ring is treated like a fin as suggested by Buck (1999). The
convective heat transfer coefficients (h) are considered to be 27 KW/m2K (4800 BTU/hr
ft2 F) if water is used as flush and if air is used, h = 84.4 W/m2K (15 BTU/hr ft2 F). The
solid dummy mating ring is treated as the conventional ring with the exception that it was
tested in the modified gland with the coolant instead of a conventional flush. It was
assumed that this does not change the convective heat transfer coefficient on the dummy
mating ring.
In the DTS mating ring the flow pattern changes as the coolant enters the radial holes in
the mating ring. The Reynolds number has to be calculated and estimated whether the
flow is laminar or turbulent.
Assuming the volume flow rate v is distributed uniformly in each hole in the DTS mating
ring, the value of the volume flow rate is obtained from the experimental tests. Thus, the
velocity U through each hole is calculated by using the following expression and the term

n being the number of holes.
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U=

v
nA

(5.6)

The Reynolds number is calculated by using the formula shown below as D is the
hydraulic diameter of the hole and ϑ is kinematic viscosity of the fluid used as a coolant
in the test.

Re =

UD

(5.7)

ϑ

The Reynolds number obtained appeared to be greater than 2300 hence the flow in the
mating ring is said to be turbulent. The entry of the coolant from the gland onto the
mating ring is considered and the coolant entry into the mating ring is assumed to be an
impinging jet as shown in Figure 5.15. The radial holes on the mating ring are treated an
array of round nozzles (Incropera and DeWitt, 2002). If the conditions shown below are
satisfied for an array of round nozzles or elliptical holes hence the Nusselt number and
the convective coefficient can be calculated from the following formulation.
D

Inlet port

Nozzle exit
H1

H2

Mating ring
surface

Protrusion or
Diverter of the
jet
Exit port

Figure 5.15 Surface Impingement of a Single Round Nozzle in DTS Mating Ring
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In the above case, the jet from the hole is allowed to impinge to the diverter and the path
of the jet is said to go into two directions one on to rear end of the mating ring surface
and the other onto the other side as shown in the above Figure 5.15. Here, the hydraulic
diameter is the diameter of the hole itself because the hole is circular in shape. The
impinging jet flow analysis is simplified considering that the flow is uniformly impinging
on the mating ring surface which is at a distance of H1 + H2 = H and the DTS mating
ring is designed such that D = H1 = H2, hence H/D = 2, which is an important criterion
to calculate Nusselt number in the impinging jet flow. The array of nozzles is considered
on the mating ring as shown in the Figure 5.16 and the relative nozzle area is calculated
using the relations shown.

Array of nozzles

Figure 5.16 Array of Nozzles/Holes in the DTS Mating Ring
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Ar the relative nozzle area is calculated, where D is the hydraulic diameter and S is the
distance between each nozzle in the array. S is the pitch of the array, R and D are the
major radius and diameter respectively of the mating ring and θ is the angle between the
nozzles in the array which is 22.50.
Ar = D S

(5.8)

and, S = Rθ

(5.9)

now, using the above equations the Nusselt number is calculated. If the conditions (i), (ii)
and (iii) shown below are satisfied for an array of round or elliptical nozzles then the
Nusselt number can be calculated and hence the convective coefficient can be calculated.
It is obtained using the formula shown below where, Pr is the Prandtl number, K is a
function of Ar and H/D, where, Ar, is the relative nozzle area H is the distance between
the nozzle exit and the land the jet is allowed to impinge on and D is the diameter of the
nozzle or circular hole. G is the single nozzle function and F2 is a function that accounts
for Reynolds number, (Incropera and DeWitt, 2002).
H 
H

Nu = Pr 0.42 K  Ar , G Ar ,  F2 (Re )
D 
D

 
  H
D
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The function K accounts for the fact that H D ≥ 0.6 Ar1 2 the average Nusselt number for
the array decays more rapidly with increasing H D than that for the single nozzle. The
correlation is valid over the following ranges

2000 ≤ Re ≤ 100,000
2≤

(i)

H
≤ 12
D

(ii)

0.004 ≤ Ar ≤ 0.04

(iii)

From the above obtained Nusselt number (5.10), the convective heat coefficient of the
coolant is calculated using the equation (5.14) and hence the temperatures are predicted
on the surface of the DTS mating ring using the ANSYS thermal model. Similarly, the
temperatures are predicted for the conventional and dummy mating rings using
convective heat transfer coefficients known. The calculation results are shown in Table
5.4.
h=

k t Nu
d

(5.14)

Table 5.4 Convective Coefficient Calculation Results for DTS Mating Ring

Air
Water

Flow rate
m3/min (air, psi)
(water, gpm)
0.142 (40)
0.0038 (1)

Heat flux
KW/m2
(BTU/hr in2)
215.4 (474.1)
215.4 (474.1)

Reynolds
number

Convective coefficient, h,
KW/m2K (BTU/hr in2F)

7632
3290

0.44 (0.5)
15 (18.2)

5.4.1 ANSYS Results
Thermal models of the conventional, the dummy and the DTS mating rings are made in
ANSYS 8.0 and the temperatures are predicted on the surface of the mating rings using
the data and the theoretical thermal analysis explained above.
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A solid 87 is used in the thermal modeling of the DTS mating ring. This element is well
suited to model irregular meshes (such as produced from various CAD/CAM systems).
The element has one degree of freedom, temperature, at each node. The element is
applicable to a three-dimensional, steady-state or transient thermal analysis. The
geometry, node locations, and the coordinate system for this element are shown in the
Figure 5.17. Orthotropic material directions correspond to the element coordinate
directions. Specific heat and density are ignored for steady-state solutions. Convections
or heat fluxes (but not both) are input as surface loads at the element faces in the thermal
model. Heat generation rates may be input as element body loads at the nodes. The mesh
used in the thermal model is the triangular shaped element with free meshing and the
convergence is checked with different grids (like coarse, medium and fine grids).

Figure 5.17 SOLID87 3-D 10-Node Tetrahedral Thermal Solid

The thermal model is built considering the symmetric boundary conditions of the mating
rings. A 22.50 symmetric sector of the mating ring is considered and fine elements are
created in the model by meshing it as shown in the Figure 5.18. The surface loads are
applied on the model as shown in the sample Figure 5.19 of DTS mating ring.
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Figure 5.18 A Uniform Mesh of the DTS Mating Ring

The heat flux is given on the face of the mating ring, which is considered to be in contact
with the rotating ring. Convective boundary conditions are given at the coolant paths in
the radial holes and the groove channel in the case of DTS mating ring and on the surface
at the entry of the coolant in the case of the dummy mating ring. In the conventional case,
the convective boundary conditions at the flush are considered. The convective boundary
conditions constitute convective heat transfer coefficient and the inlet temperature of the
flush or the coolant depending on the case.

5.4.1.1 Conventional Mating Ring Results
A thermal model of the conventional mating ring made of Silicon carbide is made and the
thermal simulation is run using ANSYS 8.0, the temperatures are predicted in the mating
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ring by declaring heat flux as a surface load on the area of contact of the mating ring with
the rotating ring. The heat flux calculated by equation (5.5) in the model is convected
away by the heat convective loads given on the areas where the flush is assumed to flow.
The flush used in this model is water. The convective loads in ANSYS consist of the inlet
temperature obtained from the flush-in temperature in the experiment run and heat
transfer convective coefficient obtained from Buck (1999). In this model symmetric
boundary conditions are considered for 22.50 in the mating ring, so that the temperature
results can be compared consistently. Adiabatic boundary conditions are also considered
as shown in the Figure 5.19. The model is then solved for temperature contours with
water as flush at 9.4 x 10-4 m3/min (0.25 gpm) and the temperatures are compared with
the experimental results and later with the other design temperatures. The temperature
contours with water as flush are shown in the Figure 5.20.

Adiabatic BC
on the top
Heat convection

Heat flux

Adiabatic BC
on the bottom

Adiabatic BC
on the rear end

Symmetric BC
on either side

Figure 5.19 Surface Loads are Shown on the DTS Mating Ring
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Thermocouple
measurement

Surface
temperature
at the contact

Figure 5.20 ANSYS Temperature Contours of the Conventional Mating Ring with Water
as Flush at 9.4 x 10-4 m3/min (0.25 gpm)

5.4.1.2 Coated Solid Dummy Mating Ring Results
In the thermal model of the coated solid dummy mating ring the properties of the coating
on the surface of the 410 stainless steel mating ring are considered. This model is similar
to that of the conventional model, but the top part of the mating ring is considered
adiabatic barring the area in between the O-rings in the modified gland where the coolant
is considered to fall. The coolant properties used in this model are that of air and the
coolant in flow rate is given to be 138 KPa (20 psi). Hence, the thermal model is solved
and the temperature contours are reported in the Figure 5.21.
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Thermocouple measurement

Surface
Temperature
at the contact

Figure 5.21 ANSYS Temperature Contours of the Coated Dummy Mating Ring with
Air as Coolant at 138 KPa (20 psi)

5.4.1.3 Coated DTS Mating Ring Results
The ANSYS thermal model for the DTS mating ring is developed. The symmetric
boundary conditions and the surface loads are applied as shown in the Figure 5.19. The
model is solved for temperature contours. The temperatures are read at the position where
the thermocouples are placed and those are reported in the Figure 5.22 for the case when
air is used as the coolant at 138 KPa (20 psi) and in Figure 5.23 for the case where water
is used as coolant at 0.0038 m3 /min (1gpm).
It is observed that the temperatures on the surface at the contact are a little higher than the
temperatures read at the location of the thermocouple probes. There is a 7-10 0C
temperature increase in between the surface temperature at the contact and the
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thermocouple temperature read in the thermal simulations as shown in all the thermal
simulated Figures. A comparison is made between the experimental results and the
ANSYS thermal results at the locations where the thermocouples were reading the
temperatures. The compared temperatures appear to be close to each other. Thus, the
thermal model developed is applicable to the particular design. The comparison Table is
reported in 5.5.

Surface
Temperature
at the contact

Thermocouple measurement

Figure 5.22 ANSYS Temperature Contours of the Coated DTS Mating Ring with
Circular Radial Holes with Air as Coolant at 138 KPa (20 psi)

The experiments are restricted to fixed conditions such as the speed of the motor (3450
rpm), the dimensional specifications and, the frictional or rubbing heat in between the
primary and the mating rings in the pump test rig. In the analytical thermal analysis some
of these parameters are varied and the performance of the DTS mating ring is tested.
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The speed is varied in the thermal calculations and the surface temperatures are predicted
accordingly. The coefficient of friction is changed, if the materials of the primary ring or
the mating ring are changed or if the coating composition is changed on the mating ring.
So, the coefficient of friction is varied and the surface temperatures of the DTS mating
ring are analyzed. The maximum temperatures are tabulated in Table 5.6 with the
variation of speed and coefficient of friction.
With the increase of the speed and the coefficient of friction the temperatures of the DTS
mating ring increased. But the maximum of all the temperatures seemed to be close to the
conventional mating ring surface temperature which is at the laboratory conditions.

Surface
Temperature
at the contact

Thermocouple measurement

Figure 5.23 ANSYS Temperature Contours of the Coated DTS With Circular Radial
Holes Mating Ring with Water as Coolant at 0.0038 m3 /min (1gpm)
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Table 5.5 Temperature Results from ANSYS and Comparison with Experimental Results

Mating ring

Conventional
Coated Dummy
Coated DTS

Flush or coolant
m3/min
(water, gpm)
(air, psi)
Flush, Water
0.00095 (0.25)
Coolant, Air
0.113 (20)
Coolant, Air
0.113 (20)
Coolant, Water
0.0038 (1)

Experimentally
measured temperatures,
0
C ( 0F)

ANSYS temperatures
at the thermocouple
positions, 0C ( 0F)

40.5 (105)

37.0 (98.6)

62.7 (145)

56.5 (134)

35.0 (95)

33.9 (103)

29.4 (85)

30.8 (95)

Table 5.6 Performance of DTS Mating Ring with the Variation of Coefficient of Friction
and Speed.

Coefficient of
Friction
0.06
0.08
0.10
0.12
Coefficient of
Friction
0.06
0.08
0.10
0.12

Heat Flux KW/m2
@1740rpm
@3450rpm
815
161.5
108.6
215.4
135.8
269.2
163
323.1
Heat Flux KW/m2
@1740rpm
815
108.6
135.8
163

@3450rpm
161.5
215.4
269.2
323.1
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Tmax 0C for air 138 KPa
@1740rpm
@3450rpm
30.8
37.0
32.9
41.1
35.0
45.2
37.1
49.3
Tmax 0C for water 3.8 x 10-3
cu.m / min
@1740rpm
@3450rpm
29.0
33.8
30.6
37.1
32.3
40.4
34.0
43.6

6. CONCLUSIONS
A split mating ring with superior thermal characteristics was conceived, designed and
tested. The details of the designs and their implementation in a pump are presented.
Simplified thermal analyses are also performed and the results are compared with the
experimental measurements.
A conventional mating ring is run with water as flush in the pump rig and a thermal
benchmark test is recorded. A solid coated dummy mating ring is tested with air as
coolant in the modified gland. The surface temperatures are measured and are compared
to those of noted in the case of the coated DTS mating ring. The comparison between the
steady state surface temperatures showed that the DTS mating ring runs much cooler than
the other mating rings run under similar operating conditions. The coatings on the mating
ring provided the low coefficient of friction and the superior thermal performance paved
the way for less wear rate and no leakage. A theoretical thermal analysis is performed for
all the mating rings and the temperature results predicted are observed to be closer to the
experimental values. The maximum surface temperature on the mating ring is brought
down consistently by the use of the DTS mating ring. Thus, it is shown that the DTS
mating ring has superior thermal characteristics because of the internal heat exchanger
designs, which allow the coolant in a divergent flow channel within the mating ring and
through the grooves and the holes in the mating ring respectively. By diverting the flow
of coolant to the interior surface area of the seal face or by channeling the coolant into the
groove in it closer to the seal face, heat can be removed uniformly to minimize the
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occurrence of hot spotting, blistering, and excessive wear which can ultimately cause
premature seal failure.

• Future Work
1. The mating rings could be manufactured using other materials with superior thermal
characteristics.
2. Different sizes of the mating rings are to be tested.
3. These designs of the mating rings are to be tested with varying parameters like speed,
coolant inlet temperature and flow rates.
4. These designs when manufactured with a material with superior thermal conductivity,
a dry test has to be conducted.
5. An accurate thermal analysis for the slot mating ring design has to be made.
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APPENDIX A- MATLAB
CALCULATIONS
clear all
clc
b=0.88;
k=0.5;
dp=10;
Psp=96.6;

CODE

FOR

%(88%)balance ratio
%pressure distribution
%delta press
%spring force= 36 lb thus pressure = force/area

D1=1.765;
D2=1.625;
D=(D1+D2)/2; %mean dia of the primary ring
N=3450;
%speed of the pump in rpm
Af=pi*(D1^2-D2^2)/4;
f=0.08;
%friction co-eff
V=pi*D*N/12;
PV=(dp*(b-k)+Psp)*V; %PV
H=PV*Af*f*60/778
A=pi*D*(D1-D2);
flux=H/A

% in BTU/Hr in^2

%flux=PV*f*60/778
SI_flux=flux*11356.5*144/3600 % in SI W/m^2
d=0.0625;

%dia of the hole 1/16=0.0625 in

flow=5; % change it depending on the calc for air or water
% flow air 5psi = 2 scfm and water(1/4 gpm) 0.0334 cu.ft/min
% flow air 20psi = 4 scfm and water(1/2 gpm) 0.0668 cu.ft/min
% flow air 30psi = 4.5 scfm and water(3/4 gpm) 0.1002 cu.ft/min
% flow air 40psi = 5 scfm and water(1 gpm) 0.1336 cu.ft/min
a=(pi*(d/12)^2)/4;

vel=flow/a;
velhol=vel/16 %vel of each hole
u=velhol*0.3048/60 % vel of each hole in m/sec
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THERMAL

visc=15.5e-6; % visc of air 15.5e-6 and water 960.918e-9 in SI units
Re=u*(d/12)*0.3048/visc
% if Re > 2300 and it is an impinging jet then the following is used
D_mr=2.165; % OD of the mating ring
Ar=d*180/(22.5*pi*(D_mr/2))
HD=2;
% H/D = 2 = H/D = 0.125/0.0625
Ar1=Ar^(0.5);
G=2*Ar1*(1-(2.2*Ar1))/(1+(0.2*(HD-6)*Ar1));
K=(1+((HD/(0.6/Ar1))^6))^(-0.05);
F2=0.5*(Re^(2/3));
P=960.918e-9*1000*4181.9/606e-3
cond/(dens*Cp)

% Pr=viscosity/diffusivity but diff= therm

% Dens=1000 kg/m^3, Cp=4181.9 J/Kg K
Pr=0.705; % for air Pr= 0.705 and water Pr=P;
Nu=(Pr^(0.42))*K*G*F2
k=26.1e-3;

% thermal cond air 26.1e-3 and water 606e-3 at 75F in SI units

SI_h=Nu*k/((d/12)*0.3048) % conv co-eff in w/m^2 K
h=SI_h*0.1761;
% conv co-eff in BTU/Hr ft^2 F
h=h/144
% conv co-eff in BTU/Hr in^2 F
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APPENDIX B- ANSYS CODES FOR THERMAL ANALYSIS
Conventional mating ring
! To define the variables used
!loads applied thermally
flux=269000
! Heat flux between the faces
hout=27257.2
! Convective Heat transfer co-eff on the outer face
tout=26.7
! convective temp on the outer face
r1=0.018161
r2=0.0206375
r3=0.0224155
r4=0.0254
L=0.011049
!conventional material properties
sp_ht=670
! (0.16)specific heat or thermal capacity of the material
rho=3100
! (0.112)density of the material
t_c=35
! (1.8333)thermal conductivity of the material
/prep7
/TITLE, CONVENTIONAL MATING RING
cylind,r1,r2,0,L,0,22.5 ! creating the main ring at an anlge of 22.5 degs
cylind,r2,r3,0,L,0,22.5
cylind,r3,r4,0,L,0,22.5
vadd,all
et,1,87
mp,kxx,1,t_c
mp,c,1,sp_ht
mp,dens,1,rho
vmesh,all
/pnum,area,1
aplot,all
sfa,19,1,hflux,flux
sfa,15,1,conv,hout,tout
!sfa,23,1,conv,hout,tout
/solu
solve
/post1
plnsol,temp
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Solid dummy mating ring
! To define the variables used
!loads applied thermally
flux=350000
! Heat flux between the faces
hout=27000.2
! Convective Heat transfer co-eff on the outer face
hin= 85
! Convective Heat transfer co-eff in the c-section
tout=35
! convective temp on the outer face
tin=23.9
! convective temp in hte c-section
r1=0.0201549
r2=0.0206375
r3=0.0224155
r4=0.0274955
L=0.0187452
!material properties
sp_ht=460
rho=7800
t_c=21.9

! specific heat or thermal capacity of the material
! density of the material
! thermal conductivity of the material

/prep7
/TITLE, DUMMY MATING RING W/AIR AS COLANT
cylind,r1,r2,0,L,0,22.5 ! creating the main ring at an anlge of 22.5 degs
cylind,r2,r3,0,L,0,22.5
cylind,r3,r4,0,L,0,22.5
vadd,all
et,1,87
mp,kxx,1,t_c
mp,c,1,sp_ht
mp,dens,1,rho
vmesh,all
/pnum,area,1
aplot,all
sfa,19,1,hflux,flux
sfa,23,1,conv,hout,tout
sfa,15,1,conv,hin,tin
!da,5,symm
!da,6,symm
!da,21,symm
!da,22,symm
!da,25,symm
!da,26,symm

81

/solu
solve
/post1
plnsol,temp

DTS mating ring
! To define the variables used
!loads applied thermally
flux=215400
!(200) Heat flux between the faces
hout=27257.2
! Convective Heat transfer co-eff on the outer face
hin= 380
!(440 for air at 40psi and 380 for 20 psi) Convective Heat
transfer co-eff in the c-section
tout=26.7
! convective temp on the outer face
tin=23.9
! convective temp in hte c-section
r1=0.0201549
r2=0.0206375
r3=0.0224155
r4=0.0274955
L=0.0187452
rhole=0.00079375
r5=0.0221869
r6=0.0254635
r7=0.0229807
r8=0.0246698
!material properties
sp_ht=460
rho=7800
t_c=27.9

! specific heat or thermal capacity of the material
! density of the material
! thermal conductivity of the material

/prep7
/TITLE, DTS MATING RING W/WATER OR AIR AS COLANT
cylind,r1,r2,0,L,0,22.5 ! creating the main ring at an anlge of 22.5 degs
cylind,r2,r3,0,L,0,22.5
cylind,r3,r4,0,L,0,22.5
vadd,all
wpave,0,0,0,0,0,0,0,0,0.0110744
! shifting the wp from the origin to 0.218" on Zaxis
wprota,11.25,0,90
! rotating the x to 11.25deg,not changing Y and rotating Z
to 90
cyl4,0,0,0,0,rhole,360,0.0381
! constructing the cyl to subtract it and make a hole
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wpcsys,1,1
! getting the CS back to the origin
cylind,r5,r6,0.002032,0.006096,0,22.5! creating the cyl to make a through hole and make
the C-scet by subtracting it
/pnum,volu,1
vsbv,4,1,,1
! subtracting for the hole
vsbv,3,2,,3
! subtracting for the c-section
cylind,r7,r8,0.00282575,0.006096,0,22.5! creating the cyl for the c-section
vadd,all
! adding up all the volumes
et,1,87
mp,kxx,1,t_c
mp,c,1,sp_ht
mp,dens,1,rho
lesize,34,,,30
lesize,33,,,30
lesize,28,,,15
lesize,29,,,15
lesize,11,,,10
lesize,12,,,10
lesize,2,,,10
lesize,7,,,10
lesize,6,,,2
lesize,8,,,2
lesize,1,,,2
lesize,3,,,2
lesize,37,,,6
lesize,38,,,6
lesize,39,,,6
lesize,40,,,6
lesize,41,,,9
lesize,42,,,9
lesize,43,,,9
lesize,44,,,9
mshape,1
mshkey,0
vmesh,all
/pnum,area,1
!aplot,all
sfa,19,1,hflux,flux
sfa,3,1,conv,hin,tin
sfa,7,1,conv,hin,tin
sfa,9,1,conv,hin,tin
sfa,10,1,conv,hin,tin

! meshing

! applying the heat flux on the face
! convection in the holes of the C-section
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sfa,12,1,conv,hin,tin
sfa,13,1,conv,hin,tin
sfa,17,1,conv,hin,tin
sfa,18,1,conv,hin,tin
sfa,33,1,conv,hin,tin
sfa,34,1,conv,hin,tin
sfa,23,1,conv,hout,tin
sfa,8,1,conv,hout,tout
sfa,4,1,conv,hout,tout
sfa,28,1,conv,hout,tout
/solu
solve
/post1
plnsol,temp
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APPENDIX C- EXPERIMENTAL TEMPERATURE
GRAPHS
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Figure C1 Temperature Graph of the DTS Mating Ring Run for 5 Hours with Air as
Coolant at 138 KPa (20 psi)
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Figure C2 Temperature Graph of the Flush-in (Water) at 9.4 x 10-4 m3/min (0.25 gpm)
for the Conventional Mating Ring
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Figure C3 Temperature Graph of the Coolant-in (Air) at 138 KPa (20 psi) for the DTS
Mating Ring
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Figure C4 Temperature Graph of the Coolant-in (Air) at 207 KPa (30 psi) for the DTS
Mating Ring
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